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ABSTRACT

The head-in-pillow (HnP) defects in Ball-Grid-Array (BGA) packages with lead-
free solders and particularly in packages with fine ball pitches are attributed
by the numerous investigators to three major causes: manufacturing process,
solder material properties and design-related issues. The latter are thought to
be caused mostly by warpage of the PCB-package assembly. In this analysis
the warpage issue is addressed using an analytical predictive stress model. It
is assumed that it is the difference in the postfabrication deflections of the
warped package and its PCB that are the root cause of the observed HnP
defects. The calculated data suggest that the replacement of the conventional
BGA design with a design with elevated stand-off heights of the solder
joints, such as, eg, column-grid-array (CGA), could reduce the product’s

propensity to warpage-related HnP defects. It is shown that, owing to the
greater longitudinal interfacial compliance of the system employing solder
joint interconnections with elevated standoff heights, significant stress relief
and considerable decrease in the relative PCB vs. package warpage can be
expected. In the carried out numerical example the effective stress in the
solder material is relieved by about 40% and the difference between the
maximum deflections of the PCB and the package is reduced by about 60%,
when the conventional BGA design is replaced by the CGA system. There is a
reason to believe that the application of BGA joints with CGA designs could
result in a substantial improvement in the IC product’s reliability, including
the it’s propensity to possible HnP defects. The stress model used in this
analysis is a modification and extension of the model developed by the author
back in mid-eighties. These models shed light on the underlying materials
physics of the solder joint interconnections in surface mounted devices.

Keywords: Head-in-pillow; Column-grid-array; Interfacial shearing stress; Solder
joints; Stress

INTRODUCTION

he causes of the observed head-in-pillow (HnP) soldering defects in BGA

packages with lead-free solders (1-9) are attributed to various process-
related, solder-material-related and design-related issues. The design-related
problems are caused by the elevated warpage of the PCB-package assembly.
Because of that, in some IC package designs package structures of the type
shown in Figure 1 are used. Such structures are, however, too expensive,
and it is more often than not that no metal frames are used in the to-days
package technologies. A typical today’s IC package structure (Figure 2) and is
addressed in our analysis. The emphasis on the warpage issue. It is assumed
that it is the difference in the post-fabrication thermally induced deflections
of the warped PCB and the also warped package that is the root cause of
the possible HnP defects, as well as, of course, in an insufficient interfacial
strength of the solder joint interconnections. The advantages of the elevated
stand-off heights of solder joint interconnections have been first indicated
in application to flip-chip solder joints (10,11) (Figures 3 and 4), i.e., to the
s.c. first level of interconnections, and is recently addressed in application
to the second level of interconnections (12), including CGA designs (13-19)
(Figure 5).

ANALYSIS
Interfacial shearing stress

Let a BGA or a CGA assembly be fabricated at an elevated temperature
and subsequently cooled down to a low (room or testing) temperature. The
interfacial longitudinal displacements and in the PCB (component #1) and
in the package (component #2) BGA- or CGA- bonded on the PCB can be
sought, in an approximate analysis, based on the concept of the interfacial
compliance [19] as follows:
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Figure 1: SMT package with a metal frame to prevent post-fabrication warpage
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Figure 2: Typical today’s SMT package surfacemounted on a PCB
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Figure 3: Solder joint modeled as a short circular cylinder (“column”) clamped at its end planes and experiencing axisymmetric elastic deformation caused by the local thermal
mismatch of the solder material with the Si material of the substrates. The induced maximum stresses and strains are in the vertical direction, while the external mismatch strains

act in the horizontal planes
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Figure 4: Solder joints configured as short cylinders experience much lower stresses
and strains than those configured as “pancakes”
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Figure 5: BGA vs. CGA designs

Here At is the change in temperature, @& and @, are the effective CTEs
of the component materials (these should be assessed, in an approximate
fashion, for the composite structures of the PCB and package), hl and h2

and 4, 1w

14 2772

1-v,

are their thicknesses, 4, = are the axial compliances

of the components, Eland E, are the effective Young’s moluli of the
component materials (assessed, in an approximate fashion, for the composite

structures of the PCB and package), ¥, and v, are their Poisson’s ratios,

h h,
K, = — and K> = are the longitudinal interfacial compliances of
3G, 3G,
E
the components, G, = £ and G =2]72 are shear moduli of their
2(1+v,) (1+vy)
materials,

700 = [ r(@)de o

are the forces acting in the cross-sections of the assembly components(tensile -
in the PCB and compressive - in the package), 7(x) is the interfacial shearing

stress, [ is half the assembly length, and w, ( x) w, (x)are the deflections

of the PCB and package. The origin of the longitudinal coordinate x is in
mid-cross-section of the assembly.

The first terms in the equations (1) are unrestricted (stress-free) displacements.
The second terms are displacements caused by the thermally induced forces
acting in the cross-sections of the assembly components. Hooke’s law is used
to structure these terms, assuming that the displacements of all the points of
the given cross-section are the same. The third terms are, in effect, corrections
to such an assumption. They consider that the longitudinal displacements of
the points at the interface are somewhat larger than the displacements of
the inner points of the given cross-section. It is assumed that this correction
can be sought as a product of the known interfacial compliance of the
component and the thus far unknown interfacial shearing stress. The last
terms in (1) are due to bending.

The condition
uy (x) = u, (x) — k7 (x) €)

of the compatibility of the displacements (1) considers that these
displacements differ, because of the interfacial compliance

Ky = iy “)
0 G,
of the bonding (solder) layer, by the amount expressed by the second term in
E
the right part of the condition (3). In the formula (4), G, = —% s the
2(1+v,)

shear modulus of the bonding material (solder joint system), E is its Young’s
modulus, and V is its Poisson’s ratio. Introducing the expressions (1) for the
longitudinal interfacial displacements into the condition (3), the following
equation for the interfacial shearing stress 7(x) can be obtained:

ke =+ ) T(EE -2l -2 w0 = @ —e)dex.

Here K = K, + K| + K is the total longitudinal interfacial compliance of

the assembly. By differentiation we find:

KE0) U+ 2T ()= 2l = 230 = (a1~ ©
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Assuming that the assembly components can be treated as thin rectangular
plates and that their curvatures in the X and ) directions at the given point
of the assembly are equal, the equations of bending of the PCB (component
#1) and the package (component #2) can be written as

W) =2 ST~ j f p(&dédé

==

12/1

W0 = 2T () + [] e, @
123—1 'l

where p(X) is the interfacial peeling stress. The left parts of these equations
are the elastic bending moments. The first terms at the right parts are
bending moments caused by the thermal forces 7(x). The second terms
are the bending moments caused by the peeling stress p(x). Introducing
the formulas

W) = 12? bro- ] | peracas |,

==

W) =2 B + J | meracaz ®

for the curvatures into the equation (6), the following relationship can be
obtained:

k7'(x)—4(4, + 4,)T(x)+ 6€.X[ j p(&)dédé =(a, —a,)AL. )

)
Here the notation
h,—Ah
Ay Ak
hlhz

is used. The formula (10) indicates particularly that the role of the peeling
stress can be minimized if the relationship

(10)

h, 1-v, E,

—= | (11)
h, 1-v, E,

is fulfilled. This circumstance might have a favorable effect on the HnP
design-related problem.

In an approximate analysis below we assume that the peeling stress need not
be considered when the interfacial shearing stress is evaluated, i.e. does not
affect the interfacial shearing stress. Then the latter can be determined from
the simplified equation

kT'(x) =44, + )T (x) = (a0, — ;)AL . (12)
At the end of the assembly the boundary condition T'(!) = 0should be

fulfilled. Then the equation (12) results in the following boundary condition
for the shearing stress function

(=2 "% (13)
K

The force T'(X) should be symmetric with respect to the mid-cross-section of
the assembly, and could be sought therefore as

T(x)=C,+C, cosh kx. (14)
Here CO and (. are constants of integration, and k is thus far unknown
parameter of the interfacial shearing stress. As follows from (2), the interfacial

shearing stress T (x) is related to the thermal force T(X) as follows:
7(x) =T"(x) = C,k sinh kx. (15)

Introducing the expressions (14) and (15) into the equation (12), one
concludes that this equation is fulfilled if the following relationships take
place:

_ oo ﬂv +ﬂ,
CO—WIM) k=222 . (16)

The second formula in (16) determines the parameter of the interfacial
shearing stress. Note that this parameter is independent from the external
strain (0[1 -a, )At and is a characteristic of the structure, and not the
loading.
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From (15) we obtain:
7'(x) = C,k’ cosh kx. (17)
The boundary condition (13), considering the second formula in (16), yields:
o, —a,  a-a A
k*x cosh ki 4(A, + A,)cosh kl

and the solutions (14) and (15) result in the following expressions for the

C,=- (18)

forces T'(x) acting in the components’ crosssections and the interfacial

shearing stress T(x) :

T(x)=_4~% At(l coshkxj
44, +4) cosh &/
t(x)=T'(x)=—k i By sinh kx (19)

44 +2A,) coshkl

Interfacial peeling stress

It is natural to assume that the peeling stress p(X) in the given cross-
section is proportional to the difference in the deflections of the assembly
components in this cross-section:

p(x)=K[w, (x) = w,(x)] (20)

It is this stress that is thought to be responsible for the possible occurrence of
the HnP defects. The stiffness K in this formula can be assessed, using an
analogy with the longitudinal interfacial compliances, by the formula

1
K=
_ — - . @1
1 V1h1+1 V2h2+1 Voho
3E, 3E, E,

Differentiating the relationship (20) twice, we obtain:

P00 = K [w](x) — ()] @

Introducing the formulas (8) into this equation and differentiating the
obtained relationship twice, the following equation for the peeling stress can
be obtained:

P (x)+4p p(x) =2ﬂ4§r'(x>, 23)

where the notations

Ah2 + Ak}
B=33Ks . 5=% (24)
1°%2

are used. The right part of the equation (23) indicates that the longitudinal
gradient of the interfacial stress plays the role of the excitation force for the
peeling stress.

Considering the second formula in (19), the equation (23) yields:

h kx
P +4B p(r) =2 py @)
cosh k&l
where the notation
_ Ea—Q, (26)
=———>=A¢
Dy 5 x

is used. It will be shown below that this peeling stress is twice as high as the
peeling stress at the end of a long-and-stiff assembly.

The solution to the equation (25) can be sought in the form:
P(x) = AV, (Bx)+ AV, (Bx)+ 4V, (fx) + AV, (fx) +
cosh kx

coshkl’
Q27

where the functions V,(fx),i =0,1,2,3,
V,(Bx) = cosh fxcos px, V,(fx) = sinh Sxsin fx,

A

V5 (fr) = %(cosh Psin B +sinh fxcos fx) (28)
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obey the following simple and convenient rules of differentiation:

Vi(Bx) =~ BNV, (), V(Bx) = B2V, (B),
Vi(Bx) = BN2V,(Bx), V(Bx) = B2V, (B). 29)

Introducing the sought solution (27) into the equation (25), we obtain:
4

n
A=——" 5, (30)
20+

where the notation

y= ﬂkﬁ 31)

is used.

There are neither concentrated bending moments, nor lateral forces acting at
the assembly ends, and therefore the boundary conditions

w(l)=w! (1) =0, wi(l) = wl(l) =0 (32)

for the deflection functions W, (x) and w,(x)should take place. Using the
formula (20) these conditions yield:

p'(H=0, p"(1)=0. (33)

The peeling stress should be symmetric with respect to the mid-cross-section
of the assembly, and therefore the coefficients in front of the odd functions
in the solution (27) can be put equal to zero. Then the peeling stress can be
sought in the form

P(x) = AV, (Bx)+ AV, (Bx “ACOSEZ o4

The conditions (33) result in the following equations for the constants AO

and A2 of integration:

A n’
V,(BDA, =Vo(BDA, =— = ————-D,
(BDA, =V, (BD A'7 2’
_ __n NGE)
V(B A, +V,(Bl)A, =— tanh kI 200 D, tanh &/

These equations have the following solutions:

_ 2 V() -V (B tanhk
"l P sinh2fl+sin 2

_ 2 V(B =V, (D tanhk G6)
> 1+n*7"  sinh2fl+sin2pl

and the solution (34) yields:

N2 [ V() - Vy(Bhtanhk nVi(pl) =V, (pl) tanh k

= v, + v, -
PO =P b sinagl P Gnhagirsinap 2P
7t coshk
741707'
2(1+7n")" " coshk
37

For long-and-stiff enough assemblies, typical in the designs of interest,

Vo (Px) = fe " cos fx; V(ﬁx)—fe sin fx,

Vis(Br)= ﬁeﬂ" (cos Prtsin ,Bx),

cosh kx
cosh kl
Then the solution (37) can be simplified:

P = po[ € ((1=~2)cosl AU —0)=nsin[ U —x)]) + e .

tanh kl ~ 1, ~ e H), (38)

n
2(1+1%)
(39)

At the assembly ends (x =1)

p(l) = . )po(ﬂ V2 4m). (40)

If the assembly is very stiff in the through-thickness direction, i.e.

characterized by large 7] values, then the formula (40) yields: p(/) = &.

This result explains the physical meaning of the p value, introduced by the

notation (26): it is the stress that is twice as high as the peeling stress at the
end of a very long-and-stiff assembly. When the ratio 77 changes from zero

to infinity, the stress p([) changes from zero to &, As has been shown
2

above, the Do value can be made low, if the relationship (11) is fulfilled.

Warpage

The bow of the assembly as a whole can be determined from the equation

h+h

(D, + Dyyw' ()= gy Tt hy @ men

2 AA4+A) (41)
At(l _ cosh kxj’
cosh i/
where
D = Eh D, = Bl (42)

1

201-v2)  120-v)

are the flexural rigidities of the assembly components. From (41) the
following formula for the assembly curvature can be obtained:

w'(x)=w, I—M , (43)
cosh kI
where
A=t 06 01 57400 mm kg
Eh  17900x0.33
y_ h+h o -a, A (44)

w, =
2(Dy+D,) 44+ 4,)

is the curvature in the middle of a long-and-stiff assembly. As evident from
the expression (43), the assembly curvature changes from its maximum value

cosh &/

in the middle of the assembly to zero at its ends. From (43) we find the
following expression for the angles of rotation:

, " 1 sinh kx
w(x)=wy| x——— |.
k cosh ki

Assuming that the assembly ends have zero deflection, this expression results
in the following formula for the assembly deflections:

PF-x* 1 cosh kx
=—w —— 1= ) 47
w) W‘][ 2 kz[ coshkzj] “n

In the middle of the assembly (x = 0)

w(0) =-wy| — £ 1(1 ! ) 48
ACIE coshil ) )

In the case of a long and/or stiff assembly (large A/ values),

w(0) =—wj (— - —] 49

For assemblies having very high k values (stiff PCB, stiff package, and stiff
solder system) this formula yields:

12
w(0) =—-w) —. 50
2
The assembly size (halflength) is 7=20.0mm, and the change in temperature
is Ar=150"C.

Computed data:

(46)

Axial compliances:

J Mod Appl Phys Vol 2 No 1 March 2018
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NUMERICAL EXAMPLE
Structural element PCB Package BGA CGA
Element # 1 2 0 0
CTE (1/°C) 15x10°  10x10° X X
Young’s Modulus (E,
Kg/mm?) 17900 10300 5510 5510
Poisson’s ratio (V) 0.4 0.35 0.35 0.35
Thickness/height (h, 033 0.7 0.6 22
mm)
Shear modulus (G, 393 3815 0407 2040.7
Kg/mm)
Axial compliance (I  101.574x  90.153 x
mm,/Kg) 10 109 X *
o f;;ff;fa&almw , 17206x  6L162x 294017 1078.061x
omp : 10° 10¢ 10 10°
Ke)
PCB:

l-v, 06

=101.574x10" mm | kg
Eh  17900x0.33

A=

Package:
A= I-v,  0.65
E,h, 10300x0.70

Interfacial compliances:

=90.153x10°mm / kg

PCB:
h 0.33
K =—t=—"—=17.206x10"mm’ / kg
3G, 3x6393
Package:
K, = b _ 07 _ 61.162x10° mm’ / kg
3G, 3x3815
BGA system:
0 = By = _06 =294.017x10" mm’ / kg
G, 2040.7
CGA system:
h 2.2
== =1078.0614x10 mm’ / kg
G, 2040.7
Total interfacial compliance:
with the BGA system:

K=K, +k +&,=294.017x10° +17.206x10™° +
61.162x107° =372.385x10 °mm’ / kg

with CGA system:

K=K, +K +k, =1078.0614x107° +17.206x107° +
61.162x10° =1156.429x10° mm’ / kg

Parameter of the interfacial shearing stress:

with the BGA system:

—6
‘e [A+2, _ [191.727x10 o 07175mm
K 372.385x10"

with the CGA system:
191.727x10°

po [ath
K 1156.429x10°°

Product klis kI =0.7175x20=14.350 for the BGA design and is

=0.4072mm™"

J Mod Appl Phys Vol 2 No 1 March 2018
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kil =0.4072x20 = 8.1440 for the CGA design. In either case it is significant,
so that the assembly can be treated as a long one.
Thermal force in the mid-cross-sections of the assembly:

o -a, 5x107°

= At = —150=3.912kg / mm
At A, 191727210
Maximum interfacial shearing stress (at the assembly ends):
with the BGA system:

(l) = —kT = —0.7175x3.912 = —2.8069%kg / mm’

with the CGA system:
7(l) = —kT = -0.4072x3.912 = —1.5930kg / mm’
Axial compliance related parameters:

o Ay =2l _ 101.574x10 °x0.70 ~90.153x10 x0.33
hh, 0.33x0.70

=179.0100x10 kg™

S— A+ A0} _101.574x0.49+90.153x0.1089
hh 0.05336
=1116.7347x10" kg 'mm™'

10°

The doubled interfacial peeling stress at the end of a stiff assembly
_sa-a,, _ 179.0100x10° 510

o K 1116.7347x107° "~ 372.385x10°°
150 = 0.3228kg / mm*

Po

in the case of the BGA solder and is

_ 179.0100x10°°

_fa o x
1116.7347x10°°

5 K
5x10™°
1156.429x10°°

in the case of the CGA solder.

Py

150 = 0.0416kg / mm’

The interfacial through-thickness spring constant is

K= ! _ 1 B
IV iovay Iovey o 06 53, 065 5, 065,
3E, " 3E, E, " 3x17900 "~ 3x10300  5510.0
1

T3.6872x10°° +14.7249x10°° + 70.7804x10°

=11211.7kg / mm

with the BGA solders and
1

1
L ey Iy 06 5y, 065 5, 065,
E, " 3x17900 7 3x10300  5510.0
|

T 3.6872x10° +14.7249x10°° 4 259,528 1x10°

K=

1-v,

3E, ' 3E,

=3597.9kg / mm

with the CGA solders.

Parameter of the peeling stress

B=4BK5 =43x11211.7x1116.7347x10° =2.4756mm™"

in the case of the BGA system and

P =3K5 = é/3x3597.9x1 116.7347x10°° =1.8633mm™"
in the case of the CGA design.

The ratio of the parameters of the interfacial peeling and the shearing stresses
B2 2475642

i k 0.7175

in the case of a BGA and is

B2 24756\2
T T o

in the case of a CGA .

=4.8795

4.8795
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The peeling stress at the assembly end is

4.8795
h= V2477 =——_0.3228
pi)= 2(1+ 2y PN )=T135.7865

(4.8795 —-1.4142+1 16.1786) =0.1659%g / mm*

in the case of the BGA system and is
6.4713
=17 _ V2+77)=—2""_0.0416
p() 2+ pu(ﬂ 7= 3509.4875

(6‘471371.4142+271‘0033) =0.02118kg / mm*

when the CGA system is employed.

The effective stress is

o =+/p* +37% =4/0.1659" +3x2.8069°

=+0.0275+23.6361 = 4.8645kg / mm’

in the case of a BGA and is
o =p* +37% =0.02118" +3x1.6930°

10.0004 +8.5987 = 2.9324kg / mm®

in the case of a CGA design .

Flexural rigidities of the PCB and the package:

_ ER 17900x0.33°
bo12(1-vY)  12(1-0.4%)

3 3
D, - E,h; __ 10300x0.72 335,508 Tkgmm
12(1-v7) 12(1-0.35%)

=57.027Tkgmm

Curvature in the middle of a long-and-stiff assembly:
W= h+h —o-a,
2Dy +Dy) 44+ 2,)
1.03 0.5x107°

150 =248.3818x10  mm™'
785.0716 396.1590x10°°

Maximum bow:
with the BGA assembly:
2
w(0)=-w, (12 —klj =-248.3818x10°° (200 -1 .9425) =-0.0492mm
with the CGA assembly:

12
w(0) =—wg ( 2

(200 - 6.0309) =—0.0482mm

—LZJ = -248.3818x10
k

The difference in maximum deflections

Aw=w,(0)- WZ(O)—M 0.1659 =14.797x10"° mm
11211.7
in the BGA design and
Aw =, (0) =, (0) = 2D - QO2LI8 _ 5 g e 10 pum
K 35979

in the CGA design (Table 1).

Table 1:

The calculated data are summarized in the following table
Stress Shearing Peeling Effective Maximum Mm
d ESb stress (Kg/  stress (Kg/ stress(Kg/ b aximum - W W

and bow mm?) mm?) mm?) oW, mm
BGA 2.8069 0.1659 4.8645 0.0492 1.48E-05
CGA 1.693 0.02118 2.937 -0.0482 5.89E-06

9

These data indicate that the application of the CGA technology, instead of
the BGA design can result in significant stress relief and, hence, in a high
likelihood that the warpage-related HnP defects could be minimized or even
avoided.

CONCLUSION

The application of the CGA technology, instead of the BGA design, can
result in significant stress relief and, supposedly, in a high likelihood that
the warpage-related HnP defects could be minimized or even avoided. Future
work should include FEA and experimental investigations.
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